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1. Introduction 

Ln the first stage of the f~U-130-MTX project, rea<.:tivitv of proteinog~nic amino acids with 

diisocyanatcs under phy:>iolopical conditions have beel! studied in vitro u')ing model com

pounds. The foUowing nucleophilic groups were recognized as reactive with 2,4-TDI: N-ter

minal amino acids, cysteine, l~'sine and histidine residues. These are presumably the reactive 

sites in prr t.:!in molecules to which diisocyaoates are attached both in virro and in vivo. 

The aim of the second stage of the project was to assess formation of Lhe amino acid 

adduct3 produced at ~be in vitro incubation of 2,4-rur ?lith native blood proteins globin and 

albumin. First, standards of the adducts were synthetised and characterized. Then, conjugates 

of blood proteins with 2, 4-TDI were prepared ana aflalyzed using newly developed methods 

for the individual adduct species. 

2,'t-TDI contains two ~heroically unequivalent ~NCO groups. As a consequence, threP. 

possible adducts may be fom1ed by the reaction of 2,4-TDI with :my monofunctional nucleo

philic compound in aqueous solutions: two isomeric mono-adduct:; (in which djisoc~·anate was 

IJound to the nuclcophile vi1. one -NCO group while the second -NCO g10up was hydrolyzed 

to amine) and one b1s-adduct. 

Previously we have synthetized N-acetyi-S-[ 4-(2-amino )tolylcarba.-noyl]cysteine ( 4-TMA) 

(Fig.l), the 2,4-TDI-related monofunctional thiocarbamate capable to transfer the carbamoyl 

mOiety to other nucleophilic sites. In trus study, 4-Tl'v1A was used to prepare protein conju

gates contrururG exclusively 4-(2-am.ino )tolylcarbamoyl- out of the three possible (and two 

isomeric) 2,4-TDI-related adducts. Analysis of the 2,4-TDI- and 4-TMA-related conjugatei' 

tog~tber facilitated interpretation of the adduct patterns. 

Adduct$ of2,4-TDI (4-TMA) "vith the following reactive sites in blood proteins bave been 

considered for further research: 

a) N-terminal valine (globin) 

I.J) N-termi.nal aspartic acid (albumin) 

c) Nfh-~Toup oflysine residue (globin and albumin) 

d) SH- group ~f cysteine residue (globin and albumin) 

e) NH-group of imidazolyl ring of histidine residue (glvbin and albumin). 
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2. Material and p k"ocedure<; 

Blood proteins 

Human full blood anc! human plasrr:1 samples were obtained from the blood transfusion unit. 

Pure HSA used was Albumin, human, fraction V, 96-99% (A-1653) from Sigma 

Pure BSA used was Aiburnin, bovine, frac-..ion V, minimum 96% (A-2153) from Sigma 

Protein conjugates. 

The fol:owing conjugates (at least two hatches of each type) were prepared: 

- globin from human blood incubated with 2,4-TDI, 1 and 10 ~mol/ml 

- globin from human blood incubated with 4-TMA, l and 10 ~mol/ml 

- HSA from human blood incubated ¥.-i.th 2,4-TDI, 1 and J 0 j..LJUol/ml 

- H.SA fi:orn human blood inr.ubated with 4-Ti\1A, 1 and 10 ~mol/rnl 

- HSA fi:om human plasma incubated with 2,4-TDI, i and 10 ~rnol/ml 

- HSA from human plasma incubated with 4-TMA, 1 and 10 ~mollml 

- HS.P inC].lbateri with 2,4-TDI, 10 and 100 ~mol/rnl 

- HSA incubated ¥.-ith 4-TMA, 10 ~mol/ml 

- BSA incubated with 2 ,4-TDL 10 and I 00 ~mol/ml 

" 2,4-TDI in oil, 10 ~mol/rnl 

- BSA incubated with 4-TMA, 10 ~mol/ml 

I-1CJ2,4-TDT(l,l0) 

HG~-'.t"NiA (l,lO) 

H SA(bl)2,4-TDI(l, lO) 

HSA(bl)4-TN!:A(l, 10) 

HSA(pl)2,4-TD\(l. l0) 

HSA(pl)4-TIV1!·\( 1, 10) 

HSA2,4-TDI( l O, l OO) 

HSA4-TMA(10) 

BSA2,4-TDI( l0,100) 

BSA2,4-TDI/oil( IO) 

BSA4-Th1A(l0) 
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In~ubation procedut'es 

a) Incubation of blood with 2,4-TD I (1 0 jJJtiOVml) 

To 10 ml o.f full blood (37°C) was added dropvvise 0.5 M 2,4-TDI in diox::tne (0.2 rnJ) while 

tile tube with blood was shaken in hand. The sample was then left in shaking w ' ~r bath (3 7°C) 

for 1 hand blood was taken for isolation of globin and albumin. 

b) l11cubatiott o.! plasma or albumilt solutiolt with 2,4-TD/ (1 0 fJJtlOllm/) 

Tc 10 ml of plasma or 5% solution of albumin (HSA or BSA) in O.ll'v1 phosphate bdfer 

(37°C), O.SM 2,4-WI in dioxane (0.2 ml) was added in one portion and the tube was sb.aken 

on vortex for 5 min. Then it was left in shaking water bath (3 7°C) for l b. The sample wa .... 

ceotrJ.Uged at 3000 rpm for 10 min and clear solution was taken for isolation of albumin. 

Alternatively, 2,4-TDI was added to plasma 0 0 rnl) as O.IM solution in olive oil (1 rnl) 

dropwise on vortex mixer. The sa;nple was sbaken on vortex for another 5 min and then left in 

shaking water bath (J7°C) ove .light. 

Note: Incubations With 2,4-TDI, 1 J.lmollml were carried out by the addition ofO.OSM 2,4-TDI 

in dioxru1e (0.2 ml) to blood, plasma or albumin solution (10 rnl). 

c) Incubation of ulbumi11 solutiolt with 2,4-TDI, 100 pmollml 

1 mmol (146 J.t.l) of pure 2, 4-TDI was added dropwise to 10 ml of albumin solution on vortex 

mixer, shaken for another 5 min and then left in shaking water bath (37°C) overnight. 

d) Incubation of blood, plasma or albumin solution witfz 4-TMA (1 0 jJJtiOl/ml) 

To 10 ml of the above matP.rial was added 100 J.liUOl (31.1 mg) of solid 4-TMA and the 

mixture was left in shaking water bath (37 'C) for 24 h. Globin and albumin were then isolated 

as described above. 

Note: Incubations with 4-TMA, 1 ~tmoVml were carried out by the addition of 3 .1 mg of solid 

4-TMA to blood, plasma or albumin solution ( I. 0 ml) . 
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Protein isolation procedures 

n) Isolation of gfobil! f rom f ull blood 

Bl0od (l 0 ml) was separated to erythrocytes and plasma by centrifugation at 2500 1 pm for 15 

min. Plasma was removed, erythrocytes were washed twice with saline (50 ml) and hemolyzed 

Y/ It h ct:~t!lJed W?.ter (2 ml). Globin was precipitated from the hemolyzate by cold 2% hycro

chloric acid in ac~tune (3 0 ml), washed thret> times with cold acetone (30 ml), once with <:old 

llletbylether (30 ml) and dried in rotarv vacuum evaporator Gyro-vap at room temperature for 

30 min, then at 50°C for 90 min. 

!;) Isolation of albumiit from plasma 

Albumin was isolated from plasma by fr1.ction precipitation ¥-~th ammonium sulphate. To 

plasma (5 ml) was added dropwise salurated solution of ammonium sulphate (7. 5 ml) wlti.le the 

tube with plasma was shaken on vortex mixer. Precipitate was spun down at 4000 rprc for 20 

min. Supernatant was transferred to another tube and cooled. 1M acetic acid (2 rnl) was added 

to precipitate albumin, which was spun down at 3000 rpm for J 0 min. Supernatant W3S 

removed and albumin was washed twice in a procedure in which it was dissolved in 5 ml of 1M 

acetic acid and precipitatP.d by 5 m1 of aceto.1e again. AlbU1J1in (still containing large amount of 

ammonium sulphate) was then dried in rotary vacuum evaporator (Gyrovap) at 60°C. Later it 

was dissolved or suspended in 10 m1 water and dialyzed ovenligbt against running water. 

Washed albumin was freeze dried. 

c) Isolation of albumitz f rom it,~ aqu.eous soltltions 

Albumin was precipitated from its 5% aqueous solution (10 ml) by stepwise additicm of cold 

acetone (25 rnl) while the tube was shaken on vortex mixer. Precipitate was spun do\\10, 

washed twice by 20 m1 acetone, and dried in rotary vacuum evaporator (Gyrovap) at 60°C. 

Tue material was not washed to remove low molecular weight impurities. 
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3. Ad ducts with N-tc:minal vaJine of gjobin 

Adducts of 2,4-TDI with N-terminal valiTie of globin have been studied in our laboratorJ 

ext"!nsively The obtained results are summarized beiow. 

Analysis of hy dantoins by gas cJz,·omaJEJgraphy 

Binding of2,4-TDI to N-tenninal valine via isocyanate groups in position 2-, 4- or both 2- and 

4- (which means linkage of two globin chains) produces ureid adduds which are converted to 

and detennined as 3-(2-( 4-amino )tolyl]-S-isopropylhydant0in (2-TVH), 3-( 4-(2-arnino )-to!vl]-

5-isopropyl-hydantoin ( 4-TVH) and 2, 4-toluylene-3 ,3 · -bis( 5-isopropylhydantoin) (2, 4-TD\ ·H) 

(Fig. I), respectively. 

Standards of 2-TVH, 4-TVH and 2,4-TDVH were prepared and characterized. Mass 

spectra are sbow"D in Fig.2. 

The procedure for analysis of the above ureidslhydantoins in globin consists of the follow-ing 

steps: isolation of globin from blood (see Protein isolation procedures ... ); treatment of globin 

with concentrated hydrochloric-acetic acid (2: 1) at J OO"C for 8 h; saturation of the acidic 

mixlure with ammonium sulphate and adjustment to pH=7; extraction with ethyl acetate, 

concentration of the extract; gas chromatogra!)hic analysis. 

Analysis of globm from human blood incubated with 2, 4-TD I revealed presence of all three 

hvdantoins 2-TVH, 4-TVI-I and 2,4-TDVH. In routine measurements, however, only 2-TVI-I 

and 4-TVH were determined (Fig.3); 2,4-TDVH is eluted much later and/or at a higher 

temperature. Analysis of globin from hum::m blood incubated with 4-TM..t-\ revealed presence of 

4-TVH. 

Level of 4-TVH in globin samples prepared in this study was as follows (~ol/g, average 

of2 batches): HG2,4-TDI(l), 0.33; HG-2,4-IDI(IO), 2.45; HG4-TMA(l), 2.04; HG4-Th1A(IO), 18.0; 

(total N-tenninal valine in globin: 64 jJ.rnoVg). 

The respective ureid adducts were produced also in vivo afier intrap<::ritooeal administration 

of2,4-TDI and 4-TM:A to rats. Toxicokinetics of the urcid adduct measured as 4-TVH reflects 

the rate of removal of er: :u-ocytes from the circulation (life-time of 65 days). 
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inalysis of ureids by HPLC 

Total enzymatic hydrolysis of globm containing ureid adducts of 2,4-TDI with N-terminal 

valine was expected to split the peptidic bond betw".!en valine and the neighJouring amino acid 

(Leu in HG a hain, His in HG ~-chain) ~ur oot the UP~id bond. Thus, ureids consisting c,f 

2,4-TDI and valine moieties sucb as 4-(2- m.ino)tolylcarbarnoylvaline (4-TVU) (Fig.!) should 

be produced. 

Standard of 4-TVU was pr~parcd by alkaline treatment of 4-TVH and characterized by 
' 

ESI-MS (MW=265). 

Enzymatic hydrolysis ofHG.<t-Tivf.A 10) with Pronase followed by HPLC analysis (see Adductc:; 

with 1\THz-group of lysine residue) revc.aled presence of-+-TVU in the hydrolysate (Fig.ll ). 

Identity of 4-TVU was confinned by coelution with the standard in HPLC and by presence of 

identical ions in their ESI ma~s spectra [PESI: 288 (M..t..Naf; PESI-MS-MS, parent 266: ll8; 

NESI: ?64 (M-Hr; NESI-MS-MS, parent 264: 116]. 

Refe1 . ·es: 

1) Mraz J. , Lir.hart I., Weidenhoffcr Z.: Identificatiou of 2,4-toluenediisocyanate (2,4-TDI) 
ad ducts with N-terminal valine of globin as potential biomarkers of exposure to 2,4-TDI. 
Human Exp. Texico!. 11 , 429 (1992). 

2) Mniz J., Nohova H., Gruova E. , Vankova H .: In vitro studies on thiocarbamate and ureid 
adducts of2,4-tolucnediisocyanate (2,4-TDI) in blood proteins (Abstract) Toxicol Letters, 
SuppL 1/78, 58 (1995). 

3) Nfraz J., C'nilova E ., T-Iornychova M.: Biologjcal monitoring of2,4-toluenediisocyanate (2,4-
TDI) .. formation and persistence of 4-(2-amino)tolyl adduct with N-tcnninal valine of 
hemoglobin in vivo in rats. Abstract in the Proceedings of International Sym1osium on 
Biological Monitoring in Occupational a."ld Environmental Health, Espoo, September l 096. 

4. Adducts with N-terminal aspartic acid of albumin 

It " s presumed that 2,4-TDI c.an bind to N-terrninal aspartic acid via isocyanate groups in 

position 2-, 4- or both 2- and 4- (which means linkage of two albumin chains) to produce ureid 

ad ducts which can be converted to and determined as 3-[2-( 4-amino )tolyl] -5-carboxyr.tethyl

hydantoin f2-T AH), 3-[ 4-(2-amino )tolyl]-5 -carboxymethylhydantoin ( 4-T AH) and 2, 4-toluyl

cne-3,3 ·-bis(5-carbox:ymethylhydantoin) (2,4-TD.PJ 1), respectively (Fig.4). These can be ana

lyzed following derivatization by gas chromatography. 
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Standards of 2-TAH, 4-T.A.H and the respecti\'e merhylesters (2-TAH-Me~ 4-TA.H-Me) 

were prepared. 

Albumin after incubation Wlth 2,4-TDI and 4-ThfA was pro<:es!:ed as described for globin 

<.Analysis of hydantoins ... ) excepl that the acidic mixture was ex"tracted after adjustment to 

pB=2. "be extract was analyzed for 2-T AH and 4-T AH following either methyla~ioo (·.Nith 

0iazomethane) or silylation (with MTBSTF A) 

Further, tot~ enzymatic hydroiysis of albumin containing ureid ar' s of 2,4-TDI with 

N·terminal Asp was expected tO split the peptidic bound between Asp and tbe neighbouring 

amir:o acid (Ala in HS~ Thr in BSA) but not the ureid bond. Thus, ureids consisting of 2,4-

TDI and Asp moieties such as 4-(2-amino )tolylcarbamoyl aspartic acid ( 4-TAU) (Fig.!) should 

be produced. 

Preparation of 2-TAH-lne and 4-TAH-iYfe 

Aspartic acid dimethylester (50 mmol, 8.38 g) was dissolved in 200 m1 dioxane and 2,4-TDI 

(50 n~. >1, 8 ml) was added. After mixing for l h, clear solut;')n was poured into 0.2M hydro

chloric acid (500 ml) with dioxane (200 ml). Solvents were evaporated =.! rotary vacuum 

evaporator to d.Iyness, the res1duum was dissolved in concentrated hydrochloric-acetic acid 

(2: 1) and heated at 1 00°C for 4 h. Acids were evaporated to dr:,. ness, the resicinum was 

dissolved 111 Y.feOI-I and diazo methane solution in diethylether was added steo ?v :se as I cog as 

the reaction was processing (indicated by the evolvment of bubbles of nitrogen). The resulting 

material was repeatedly chromatographed on silica column with CHCh~MeOH-acetic acid in 

various proportions. After evaporation of the solvents, white solids 2-T AH-Me (72 mg) and 

4-TA.H-Me (232 mg) were obtained. Identity and purity of the compounds was checked by 

GC-MS, NN1R, TLC and HPLC. Mass spectra of2-TAH-Me and 4-TAH-Me are in Fig 5. 

Preparation of2-TAII aJld 4-TAH 

2-TAH and 4-TAH were prepared by treatment of the corresponding methylesters (30 mg) 

with concentrated HCI (3 ml) at 1 00°C for 3 h. After evaporation of acid in vacuo, lightly 

yeUow solids were obtained (with the yields of 67 and 92%, respectively). 
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Preparation of 2-TA U and 4-TA F 

2-TAC and 4-TAU were prepared by treatment of2·TAH-.\.1e and 4-TAH-Me (30 mg), 

respectively, with 2N NaOH (3 ml) at 25°C overnight Products were purified on sili..:a colul11.I: 

with mohile phase CECh-YleOH-acetic acid (7·2: 1). Yields of the hg!ltly yellow solids were 

ca 60'1 ... 

Analysis of albumin for ureid adduct.."' as hydantoin methylesrers 

Aluumin (50 mg) w?" heated with concentrated hydrochloric-acetic acid (2·1) (5 trJ) at 100°C 

for 8 h. Acidic m.i.x-rure was saturated -with ammonium sulphate, adjusted by 1OM NaOH to 

pH=2 and extracted with ethyl acetate (8 ml). The extract was evaporated to dryness and the 

residue was dissolved in 50 )J.l PrOH. To the solution, 200 p.l of diazomethane solution in ether 

was added. Ether was then evaporated and propanolic solution was analyzed by gas chromato

graphy with nitrogen-selective dt!tector or by GC-MS. 

Derivatization of 2-T AH and 4-TAH with !Y!TBSTFA. 

Methanolic solutions of 2-TA.H and 4-TAH (lOO)lg) were ev~porated in 1.8-rul vials to 

dryness. To the residues, dried dimethylformarnide (100 )J.l) and N-terr-butyldimethylsil;·l-"N

metbyl-trifluoro-acetam.ide (.MTBSTF A) (50 J.l.l) were ad:ied, vials were closed with teflon

lined caps and heated in hearing block at 11 0°C for I h . Sampies were then analyzed ~ y Ge

MS (Fi[ 6). 

Analysis of albumin fo;- ureid addu.cts as lt.ydtuztoin TBDIY!S derivatives 

Albumin was heated with concentrated acid, the acidic mix'tUre was adjusted ~o p!-!=-=2 and 

~:vtracted wiw'l ethyl acetate as describec 1bove. The extract was evaporc>·ed to small volum'!, 

transferr~d to 1.8-ml vials with teflon-lined ~ap~, and evaporated to dryness The residue was 

deri vatized as described for 2-T AH and 4-T AI I, and the sample was analyzed by GC-MS. 

HPLC analysis of albumiJt for ureid atlducts following total enzymatic hydrolysis 

This was carried out as described below (see Adducts with NHrgrOL'J? of lysine residue). 
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Results and discussion 

Analysis of albumins HSA(pl)2 -l--TDf(lO), HSA(piH-TNIA(l), BSA.2.4-TDI(l0). BSA-+-TivlA(l ,Hl) 

by the procedure involving conversion of u..-eid adduct[ to hydantoin methylesters diJ not 

reveaJ presence of2-TAH-Mc and 4-TAH-Me in any cfthe srunples (not shown). 

Silylation of2-T AH standard \ .th MTBSTFA provided twc products, identified by GC-MS 

as tris- and tetrakis- TBDMS derivatives. Silylation of 4-TAH standard provided at !<;!ast four 

products, idtenti.fied as one bis-, two tris- and one tetrak.is-TBDMS derivatives (Fig. 7). 

Prcfjortion of the products was strongly effected by the reaction condttions; reproducibility of 

the derivatization was poor. Heating of derivatization mixture at ll 0°C for 1 h was chosen for 

analysis of 2-TAH and 4-T AH in aJbumin. 

Analysis of HSA2,4-IDI(l0) and BSA2.4-TDf(lO) by the procedure involving silylation by 

MIBSTFA revealca presence of both 2-TAH and 4-TAH while HSA4-Tiv£A(l0) and 

BSA4-TMA(l0) produced exclusively 4-Tr\H (Fig 6) . Unlike with the synthetic standards, 

single TBDlvfS derivatiYes of2-TAH and 4-TAH were observed in the chromatograms (Fig.6). 

Enzymatic hydrol:'sis of the :ili,we albumins with P ronase foUowed by HPLC analysis did 

not nweal presence of2-TAU and 4-TAU in hydrolysate of any of the samples (Figs 9,10). 

However, i):)cause these partially coelute under the given chromatographic conditions with 

2-TLU and 4-1LU, respectively, small amounts of2-TAU and 4-TAU in the hydrolysate may 

remain undetected. 

In conclusion, 2,4-TDI and 4-TMA do produce ureid adducts with N-terminal Asp of 

albumin. These can be converted to and analyzed as specific hydantoins. The level of these 

adduct~ appears to be much lower (w ... estimate by at least two orders of magnitude) than the 

level of corresponding adducts with N-ter.ninal valine, providing the incubatton ru:edure was 

identical. On tbe oi.hcr hand, since recovery of the employed analytical proced•:res w as not 

studied, it cannot be fully excluded that the low yield of the above adducts is also due to low 

recovery ofthe analytical proceC.:urr.s used. 



B 02 
\ ... . .. 

{ l 

S. Adducts with NHrg. nup of lysint> residue 

It was presumed that 2,4-illi can bind to lysine residue in proteins via isocyanate groups in 

position 2-, 4- or both~- and 4- (which means inrra- or intermolecular protein crosslink.ing) to 

produce ureid adducts N,:-(2-(4-aminc)tolylcarbamoyl]iysine (2-TLU). Nc-(4-(2-amino)tolyl

carbamoyl]lysine (1-1LU) and 2, 4-toluylene-bis()l-( 5-a:""'lino-5-carboxypentyl)urcid] (2, 4-

TDLU), respectively (Fig.8). The.,e can be liberated from the protein chain upon total protein 

hydrolysis, either acidic or enzymatic. 

Standards of2-TLU, 4-TLU and 2,4-TDLU were prepare~. 

Globin and albumin after incubation with 2,4-TDI and 4-TM..t\ were subjected to total 

enzymatic hydrolysis with Pronase anc analyzed for the above lysine ad ducts by HPLC. 

Preparatio11 of 2,4-TDLU 

Na.-tert-Butyloxycarbonyllysine CNa.-IBOC·Lys) (20 mmol, 4.92 g) was dissolved in 0.1M 

phosphate buffer, pH=S (40 ml) with dioxane (200 rnl) 1M 2,4-TDI in dioxane was added in 

5-ml portions (total volume. 2_ ;_J) tc the solution on mixer until Na.-BOC-Lys di5appeared. 

Solvents we--e evaporated, the solid was dissolved/s:..~spended in chlorofom1-MeOH and 

chromatographed on silica colunm with cWorofonn-MeOH-acetic acid (8:2: l) . Three c;ude 

fractions were collected and malyzed by HPLC (column: C18, mobile phase: MeOH-0.2% 

trifluoroacetic acid 65:35) coupled to mass spectrometer in AP+ ionization mode for compo

nents with MW=666 [2,4-TDLU-(tBOC)2] and MW=394 (2-TLU~tBOC and 4-TLU-tBOC). 

Compounds with MW -=394 were not found; the compound with MV/=666, which was the 

major component of th ~ mixture of products, was fi.trther purified on silica column and then 

treated \vi.th concentrated hydrochlor:c acid (room temperature, immediate :~action) to remove 

the protective tBOC groups. Acid was then evaporated in vacuo. Analysis of the prodLJCt by 

MS have shown M\V=466 (2,4-'rDLUj (Tab 1). Identification of 2,4-TDLU was further 

supported by alkaline hydrolysis (0.3M NaOH, J00°C, 6 h), which produ:ed 2,4-toluene

diarnine (2,4-TDA) and Lys, measured as TBDMS derivatives by GC-MS. An attempt to 

measure TRDMS derivative of2,4-TDLU by GC-MS was not successful. 

' 
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Preparation nf 2-TLU and 4-TLU 

Reaction of Na.-tBOC-Lys with 2,4-TDI in aqueous media produced preferentially bis-L reid 

adduct even wl:en the reaction conditions (ratio of the components, pH) were varied with the 

::lli11 to obtain the mono-ureids. In an altt:rnative procedu:t: developed here, 2, 4-TD I was first 

reacted with equimolar amount of alcohol to block half of the -NCO groups (by producing 

carbamate groups). The reaction mixture containing two isomeric monoisocya.,ate-mono

Ca!"bamatt derivatives was then incubated with Nu-tBOC-Lys to produce the requi.J cd mono

ureid adducts, and both carbamate and tBOC groups wer~ removed by acid hydrolysis. 

Procedure. Dioxane (50 rnl), 2,4-TDI (20 mmol, 3.48 g) and n-PrOH (20 mmo~ 1.5 mJ) were 

heated under reflux (1 00°) for 3 h to produce a reaction mixture containing isocyanatopropyl

carbamates. tBOC-Lys (10 mmoi., 2.46 g) was dissolved in 10 rn1 water and pH of the solution 

was adjusted to 11. Then, the above reaction mixture (30 ml) was added and the solution was 

mixed at room temperature overnight. Solvents were evaporated, l 0 rn1 of concentrated hydro

chloric a~....i.d was added, the mixture was heated at 100°C for 6 h7 and acid was evaporated. The 

resulting material was repeatedly chromatographed on silica column and preparative TLC 

plat-es with mobile phase cbloroform-MeOH-acetic acid (in various proportions) to obtain 

yellow solids, ca. 25 mg of each. Molecular weight of 2-TLU and 4-TLU was confinned by 

MS (MW=294) (Tab.l). Further, alkaline hydrolysis (0.3M NaO:H, l00°C, 6 h) of both 

compounds produced 2,4-TDA and Lys, identified as TBDMS derivatives by GC-MS. An 

attempt to measure TBDMS derivatives of 2-TL U and 4-TLU by GC-MS was not successful. 

IsomcriSJ? oftbe two TLU isomers was assigned indirectly (see Resuhs). 

Analysis of arlducts i1t protein conj.:tgates 

Albumin :;amples (2 mg) were dis~olved i.u O.l.M phosphate buffer, pH=7.4 (0.5 ml). Globi.P. 

(2 mg) was dissolved in water (0.25 ml) followed by addition of buffer (0.25 ml). PronaseR 

proteas~ from Streptomyces griseus (Calbiochem, cat. Nr. 53702) (50~ of 1% suspension ir. 

buffer) was used as a proteolytic er~rme. (For preparative purposes, the amounts w.~re: 

protei~ 20 mg; buffer, 1 ml; enzyme, 5 mg.) The incubation was carried out in shalcing •.vater 

bath (37°C) for 24 h. After incubation, samples were filtered through 0.45J..l.m Durapore filter 

in U1trafree nitration units (Mjllipore) and 20 f...l.l of the filtrate was analyzed by HPLC. The 

column used was 150x3 .9 mm stainless steel cartridge column Nova Pak C18 (Waters) with 

precolumn filter. Mobile phase was ::V1eOH-O.l% trifluoroa~etic acid with gradient elutiL1i as 
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follows: MeOH 5% held for 5 min, then linear inc;rease to 40% during 20 min, held aL 40% for 

another 4 mi':l. Multiwaveleogth UV detector Waters 490 was set at 250 run and at absorbance 

ratio 250/240 nm. 

HPLC eluent contain.iPg componenl.s of interest was coUe:;ted, con:;entrated and 1 eanalyzed for 

purity. The solutions were then analyzed on LCQ LC-MS system (Finnigan) in PES1, PESI

MS-MS, 1--i'EST and NESI-MS-YfS modes. Samples \-\·ere introduced to the detector through 

direct inlet. 

Results and discussion 

Protein conjugates obtained in this study (see Material and Procedures) were subjected to total 

acidic hydrolysis l6N HCl, 11 0°C, 24 h) and to total enzymatic hydrolysis with Pronase. The 

hydrolysatcs ""ere analyzed by HPLC. Analysis of the acidic hydrolysates have not shown 

significant. differences bet\-v~en control proteins and proteins inGubated with 2,4-TDI or 

4-TMA with the exception of peak of 2,4-TDA present in chromatograms of aost of the 

protein conjugates (not shown). On the other hand, HPLC analysis of enzymatic hydrolysates 

of albumins BS,<\2,4-1D~(I O,IOO) and HSA.2,4-TDT(IO,IOO) have shown numerous peaks when 

compared to hy<irolysates of control albumins (Figs 9, 12). Three of these peaks coeluted ~ith 

the synthetic lysine adducts, namely, 10/2 and 10/3 with the two TLU isomers and 10/4 with 

?., 4-TDLU. ,_;omponeots 10/2, 10/3 J.nd 10/4 were collected with the .HP:..C eluent and 

characterized by mass spect:a in ESI mode. Identical major ions were observed in spectra of 

the above CC'111pounds and the lysine adduct standards (Tab. l ). Hydrolysates of the cones

pending BSA and HSA conjugates provided very similar chromatograms (Fig. 12). 

Interestingly, the amounts ofadducts in albumins incubated with 2,4-TDI doses of 10 and 100 

J.UllOl/ml was not significantly different (Fig.l2). 

2-TLU, 4-TLU and 2,4-TDLU standards were subjected to conditions used in total acidic 

hydrolysis of proteins (6N HCI, 11 0°C, 24 h). HPLC ana!ysis have shown that the standards 

decayed almost completely, producing 2, 4-TDA. This is consistent with the failure to detect 

lysine derivatives in acidic hydrolysates of protein conjugates. 

Analysis of hydrolysates of albul'Irirui BSA4-ThfA(lO) and HSA4-TMA(10) (Fig.lO) revealed 

peaks some of which were identical with those from albumins incubated with 2,4-TDI. 

Namely, component 12/l was identical with 10/3 and 12/4 with J0/5, as assessed by coelution 

in HPLC and their mass spectra. Moreover, comparison ·of chromatograms of hydrolyzed 
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proteins incubated with 4-TMA and wiill ~,4-TDI allowed assienment of isomerism to the two 

TLU isomers. Since 4-TMA can o!J.ly produce 4-TLU, it is obvious that coeluting compounds 

1211 and l 0/3 are 4-TLU while 10/2, which is present in albumin incubated with 2,4-TDI but 

not with 4-TMA, is 2-JLU. 

Analysis of hydrolysate of globin HG4-TMA (10) have shown several peaks in addition to 

those present in control (Fig. II). On the basis of chromatographic coelut10n and identity of 

ESI-MS spectra, component 8/~ was identified as 4-TLU whereas the dominant peak 8/4 is 

4-TVU (Tab. i) . Very small peaks of 4---JLU and 4-TVU were detected also in the cr.uomato

gram of hydrolysate ofHG2.4-TDl (10) (not shown). 

Besides the compounds identified by comparison with the synthetic standards, some other 

components of the protein hydrolysates were characterized solely by their ESI-M3 spectra 

These are: 10/5 (MW=442), 10/6 (fvf\V=442), 10/7 (MW=614), 12/2 (MW=336), 12/4 

(coeluting with 10/5, MW::::442), 8/2 (1v1W=824). 8/3 (NrN=365). An attempt was made to 

estimate structure of some of these products from the knowledge of their masse~. Since spectra 

of compouuds H../5, 10/6 and 10/7 have some ions in common (Tab.l) it is not unlikely that 

the relationship between them is analogical to that in compounds 2-TLU, 4-TLU and 2,4-

TDLU, namely, 10/5 and 10/6 are isomeric mono-adducts while 10/7 is a related bis-product. 

Further, some ions in MS spectra of these compcunds are in common with the lysi:le adducts 

(m/z=293 in NESI-MS-MS). Therefore, we are r· ggesting that tbe compounds with MW=442 

consist of one Lys and two 2,4-TDT molecules, linked with two ureid bonds, whereas the 

compound with MW=614 consists oft"No Lys and two 2,4-TDI molecules, linked with ..hree 

ureid bonds. Considering the possible formation of these adducts, Lys can only be bound via 

e-amino group while cross-linking of 2,4-TDI molecules with ureid link is a major reaction of 

2,4-TDI in aqueous medium. Putative formulae ofthe compounds 10/5 (=12/4), 10/6 and 10/7 

are shown in Fig. 14. Comparison of the number of possible positional isomers (4 for MW= 

44?., 4 for MW;;;:{) 14) with the a umber of observed peaks suggests that some of the isomers are 

only rrunor and/or they coelute in HPLC. Presence of one of these products in the hydrolysate 

of 4-TMA-derived protein adduct (12/4) can be accounted for by a mechanism in which free 

amino group of the arninotolylcarbamoyl moiety wbich is already bound to Lys is further 

carbarnoylated by another molecule of 4-TMA. 

In conclusion, 2,4-TDI and 4-TMA do ~reduce ureid adducts with lysine residues in 

proteins. The individual adduct speci~s can be analyzed by HPLC following enzymatic protein 

• 
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hydrolysis. Whereas lysine adducts appear to be the must abunda!1l addu<.:ts of 2,4-TD1 and 

4-TMA m both human and bovine serum albumin, tonnation of lysin~ adducts in globin occurs 

to much Jesser e>..1:ent. On the other hand, binding to N-terminal amino acid proceeds 

extensively in globin but to minor extent in albumin. 

Tab.l Mass spectra of 2,4-TDI adducts with amino adds. 

Compound Characteristic ions (rnfz) 3
,bJ 

(calculated .MW) PES! bJ PESI-MS-MS NESI ~> NESI -MS-J.\IlS 

l -TLU (294) 295*, 317 123, 173 293*, 329 145 

10/2 295 293* 145 

4-TLU (294) 295,317 

8/1 295* 123, 173 329 

10/3 295* 123, 173 293* 145 

12/1 295*,317 173 293*,329 145 

2,4-TDLU (466) 295, 467* 295, 321 465* 319 

10/4 467*. 489 295, 321 465 

4-TVU (265) 266*, 188 118 264* 116 

8/4 266*,288 ~18 264*, 116 116 

10/5 I 441 *, 379 293 

12/4 443*,465 271 I 44l*, 379 293, 319 

10/6 443,465 441*,379 293 , 319 

10/7 615*, 637 295, 443 613*, 193 467, 319 

a} not always the most abundant peaks 

b) techni11ue PESI produces (M+ 1 f and (l\11+23 t ions, technique NESI produces (M-1 f ions 

c> ions marked by asterisk were used as daughter ions in the MS-MS technique 

I 



B 07 
.. 

i 6 

6. Adducts with SH- group of cysteine residue 

l1: is presumed that 2,4-TDI can bind to cysteine residue in proteins via isocyanate groups in 

position 2-, 4- or boti.t 2- and 4- to produce thiccflrbamate adducts S-[2-(4-amino)rolylcarb

amoyl)cysteine, S-[ 4-(2-amino )tolylcarbamoyl)cysteine and 2,4-toluyleoe-bis[S-(2-amino-2-

carboxyethyl)thiocarbamate]. Theoretically, these may be analyzed using two different 

approaches: 

i) measurement of the individual thiocarbamate species by HPLC after total hydroiysis or the 

protein 

ii) measurement of free 2,4-toluenediamine (2,4-TDA) released by selective splitting of thio

carbarnate bonds (sum ofthiocarbamates and perhaps other labile adducts) 

However, on the basis of our previous experience no attempt was made to syntbetize the 

above thiocarbamat~ adduct species and to detect them in proteins after incubation with 2,4-

TDI and 4-T.MA The reason for this is as foUows: 

a) N-aryl tbiocarbamates are unstable under physiological conditions. Incubation of blood with 

2,4-TDI-related rnerc:'..pturic acids (i.e., analogues of the above thiocarbamates, N-acetylated in 

tile cy.;rp;ne meier.;) such as 4-TMA resulted in decay of these compounds (half-time of 1-2 h), 

para' ·.jiPd b,· carbarnoylation producing more stable adducts. 

b) c....t.!1/!.iic; of globin, albumin or plasma after incubation with 2,4-TDI or 4-TMA failed to 

a....... :,4-TDA bound in such a form wnich would be reasonably stable under physiological 

condition$ but labile under mildly alkaline conditions. 

Reference: 

Mraz J., Nohova R , Galova E., Vaiikova H. : In vitro studies on thiocarbarnate and ureid 
adducts of 214-toluenedii~ocyanate (2,4-TDI) in blood proteins (Abstract). Toxicol. Letters, 
Supp!. 1/78, 58 (1995). 

• 
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7. Adducts with NH-group of imidazolyl ring of b istiuirnc residue 

An attempt was made to svnthetizc ureid adducts of 2,4-TDI vvith histidine residue. Na-BOC

His was reacted with 2,4-TDI and with monoisocyanate-monopropylcarbamates d('rived from 

2,4-TDI (as described fur preparation of 2-TLU and 4-TLU) until it disappeared from the 

solution. However, subsequent analysis of the reaction mixture, either before or after treatment 

with hot concentrated hydrochloric acid, did not inclicate presence of products contruning both 

2,4-TDI and histidine mcieties. bstead, abundant free histidine was found in the 1 eaction 

mixture. Thus, the required products were not prepared. 

HPLC analysis of enzymatic hydrolysati!S of globm and albumin incubated vvith 2,4-TDI and 

4-TN'..A, followed by off-line ESI-MS analysi!> of major peaks, did not reveal presence of 

products containing both 2,4-TDI and hisndine moieties. 

\ 
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8. Conclusions 

The present report is the first systematic study on the ad ducts of a dusocyanate (2,4-TDI) with 

btO<X.i ·proteins -globin aAd albumin. The investigations included preparation of synthetic stan

dards, identification of the individual adduct species in protein conjugates, and development of 

the provisional analytical procedures. The results are summarized as follows: 

a) 2,4-TDI bi:1ds to N-terrninal valine of globin to produce ureid adducts wr..ich can be 

convened to and determined as specific hydantoins (2-TVH, 4-TVH, 2,4-TDVH). These 

are suit~le biomarkers of the exposure to 2,4-TDI in vivo. Routine procedure for gas 

chromatographic determination of 4-TVH (2-TVH) is available. Highly sensitive analytical 

method applicable for the purposes ofbiomonitoring has to be developed. 

b) 2,4-TDI binds to N-term.inal a.,'J)artic acid of albumin to produce ureid adducts which can be 

converted to and detected as specific hydantoins. Binding to this site occurs to very minor 

extent. 

c) 2,4-TDI binds extensively to lysine residues of albumin to produce ureid adducts which can 

be liberated from the protein by enzymatic l~ydrolysis and a llyzed by HPLC. This 

pmcedure is suitable for characterization of 2,4-TDI-albumine conjugates prepared in vitro. 

Binding of 2,4-TDI to lysine residues of globin also occurs, yet to minor extent. 

d) 2,4-TDI is very unlikely to produce stable adducts with cysteine and histidine residues of 

globin and albumin. 

e) Enzymatic hydrolysis of protein conjugates with Pronase followed by HPLC is a suitable 

non-selective procedure for analysis of individual xenobiotic adduct species. 

' 
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9. Figures 
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Fig. 1 Adducts of2,4-TDI with N-terminal valine 
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Fig. 3 Gas chromatographic analysis of globins isolated from blood after incubation with 
2,4-TDI (a) and 4-TMA (b) (Globins HG2,4-TDl(lO) (sample 6) and HG4-TMA(1 ) (sample 78)]. 
3-[ 4-(2-amino )tolylJ-5-isobutyl-hydantoin ( 4-Tlli) was used as an imemaJ standard. 
Chromatographic condltions: column: J 5m x O.S3mm x lJ.l.ffi HP-50+; oven temperature 260°C; 
nitrogen-selective detector 
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Fig.7 GC-iVIS ~malysis ofBSA incu bated wjth 2,4-TDI and 4-TMA 
a) 2-TAB, TBDMS derivatives (total ion chromatogram) [peak 1, rvr=719, 2-TAH

(TBDMS).t; peak 2, M""=605, 2-TAH-(TBDMS)3] 
b) 4-T AH, TBDMS deriva tivt!s (total ion chromatogram) [peak 1, 11=605, 4-TAH

(T3DMS)3; peak 2, M'"=498, 4-TAH-(TBDMSh; peak 4, Jvt=719, 4-T AH-(TBDMS)
4

; 

peak 5, 11=605, 4-TAH-rTBDMS)3] 
c) BSA control, T.~-TBDMS derivatives (m/z=548) 
d) B S A 2,4-Thi(lOA), TAH-TBDMS derivatives (m/z=548) 
e) B SA 4-TMA(lOA), TAB-TBDMS derivatives (mlz=548) 
Chromatographic conditions: column 30m x 0.25mm x 0.25~-tm DB-5ms; oven temperature 
300°C; injector: split 1:20, !.ajccted 1~-tl 
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Fig. 9 HPLC chromatogram of the enzymatic hydrolysate of a) BSA control, 
b) BSA2.~TDI(10~ (sample 10) 

Chromatographic conditions: column 150x3.9 nun NovaPak C18 (Waters); mobile phase 
MeOH (5-40%)-TFA(O.l%); detection: lJV 240 nm 
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Fig. 10 HPLC chromatogram of the enzymatic hydrolysate of a) BSA control, 
b) BSA~TMA(lO) (sample 12) 
Chromatographic conditions: column 150x3.9 rnm NovaPak Cl8 (Waters); mobile phase 
MeOH (5-40%)·TFA(O.l%); detection: UV 240 rnn 
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Fig. 11 HPLC chromatogram of the enzymatic hydrolysate of a) HG control, 
b) HG4-TMA(lOA) (sample 8) 

Chromatographic conditions: column 150xJ .9 mrn NovaPak C18 (Waters); mobile phase 
MeOH (5-40%)·TFA(O. l%); deteaion: UV 240 nn: 
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